Water use efficiencies (WUEs) between 20% and 60% are commonly reported for single rice paddies.
INTRODUCTION
Rice is one of the most important food crops worldwide, and the last FAO statistics show that rice ranked second in food and agricultural commodities, with a global production of more than 700 million tons per year (FAOSTAT ).
Italy is the largest rice producer in Europe, with the majority of production concentrated in the Po river plain (Northern Italy), in a vast area between Lombardy and Piedmont (about 250,000 hectares).
As is widely known, rice cropping systems generally require copious amounts of water when traditional irrigation management is adopted, due to the continuous flooding of rice paddies from seeding to a couple of weeks before harvest in order to maintain a ponded water level of 5-10 cm over the soil (Bouman et Consequently, there is the need to fill this research gap and to provide numbers to European water resource managers and to the public, who accuse the rice cultivation industry of being excessively water-consuming.
There are numerous factors influencing the water balance terms in a paddy, such as irrigation management, land preparation method, layout of the field, soil characteristics, agronomic management, crop characteristics, groundwater depth, rainfall amount and timing, and the evaporative power of the atmosphere resulting from climatic conditions. Many water balance terms can be directly measured in the field (i.e., rainfall, irrigation inflow, irrigation outflow, water storage within and above the soil, (Bouman et al. ) . In flooded rice fields, seepage is influenced by many factors, such as the position and slope of soil layers, their hydraulic conductivity, the presence of drains and their characteristics, the characteristics of bunds surrounding the field (thickness, presence of cracks, lining) and the water table depth and velocity (FAO ). On the other hand, percolation is mostly influenced by the resistance to water movement in the soil profile, which is mainly governed by the saturated conductivity of the plough pan (Bouman et al. ) and by the difference in water head along the vertical profile.
Compared to the other terms of the water balance, SP is the one most affecting rice water requirements. In general, the literature reports that total SP in a paddy may vary between 25% and 50% of the water inputs (i.e., irrigation plus rainfall) with heavy soil and groundwater depth within 0.5 m (Cabangon et al. ; Dong et al. ) , and 80% in coarse-textured soil with a groundwater table deeper than 1.5 m (Sharma et al. ; Singh et al. ) .
Since SP cannot be measured directly in field-scale experiments and is usually obtained as the residual term of the water balance, it is a challenge for research to separate SP into the two fluxes. According to Wopereis et al. (), the soil vertical profile some days after flooding can be described as a sequence of layers. Following a downward order, the layers are: (i) ponding water, (ii) muddy layer with low resistance to water flow, (iii) plough sole layer with a relevant resistance to water flow, and (iv) subsoil layer scarcely affected by agronomical practices. After flooding, the muddy layer and the plough sole are saturated; in this condition, the percolation rate P can be predicted by the Darcy's equation (Rizzo et al. ) . This approach is commonly adopted in the literature and it is implemented, among others, in the A widely adopted indicator to measure the efficiency of an irrigated system is the water use efficiency (WUE), which is obtained as the ratio of evapotranspiration to water inputs (i.e., irrigation plus rainfall). Tuong & Bhuiyan () reported that WUE of flooded rice can be as low as 20%, although with remarkable variations (upper bound of the range is 60%). Since SP generally increases the field irrigation requirements of a rice paddy, WUE of a single field is strongly influenced by the water amount lost by SP. When focusing on larger spatial domains, WUE is expected to increase compared to the minimum values found for single paddies, due to the possible water reuse within the system. Hafeez et al. () and Wallace () reported increased values of water use indicators considering, respectively, the district and the catchment scales. At a larger scale than the single field, SP outflowing from fields can be partially collected by ditches, thus increasing the irrigation discharge available for downhill paddies. Additionally, SP can also represent a direct water input to fields at a lower elevation, due to seepage through the bunds. In rain-fed rice, Tsubo et al. () observed that water losses by lateral movements were greater in the upper part of the rice field toposequence, and that these lateral fluxes represented a possible water gain for fields at a lower elevation, also affecting their field WUE. Similarly, Schmitter et al. () found that the field position in the toposequence influenced the crop water productivity in the case of irrigated rice, due to subsurface lateral fluxes that represented extra water input for the lower lying fields. Moreover, lower paddies may benefit from a higher groundwater level that plays an important role in reducing percolation fluxes when groundwater is shallow (FAO ; Cesari de Maria et al. , ).
Hence, in paddy areas, topography is a factor activating water exchanges and reuse between paddies. For this reason, WUE of a single rice field in a toposequence tends to be poorly representative of the overall efficiency of the paddy system, especially in areas characterized by shallow groundwater, due to the strong interactions that may occur among fields. In spite of its relevance, this issue is still not much investigated in the literature and, to the authors' 
MATERIAL AND METHODS

Description of the site
The study was carried out at the Cerino rice farm (Semi- A different irrigation management method was adopted for the four paddies: water seeding and continuous flooding (WFL) was applied in C and D, while dry seeding and delayed flooding (i.e., direct seeding on dry soil followed by a delayed flooding when the crop reaches the 3-4 leaf stage; DFL) was adopted for A and B. After submersion, the ponding water was maintained in all the fields for approximately the entire growing cycle, except for short periods when agronomic operations were conducted. In particular, a first dry period was necessary in fields C and D to allow root development and, successively, dry periods were performed for all the fields to allow the application of fertilizers and pesticide treatments. Finally, hourly meteorological data (air temperature and humidity, rainfall, wind speed, solar radiation) were obtained by the closest regional weather station, 12 km from the experimental site.
Calculation of balance terms
For each field, a balance equation (Equation (1)) was implemented at an hourly time step from dry seeding until harvest in the case of DFL treatments (A and B), and from the first flooding before wet seeding until harvest for WFL ones (C and D). A field control volume ranging from the top of the ponding water to the bottom of the LCL was considered (this means that control volumes are different for the four fields, see Table 1 ).
where t is the time index (h); ΔS w is the variation in the ponding water height; ΔS s is the variation of the soil water storage; Q in and Q out are the irrigation inflow and outflow divided by the field area; R is the rainfall; ET is the evapotranspiration from soil/ponding water (evaporation) and crop (transpiration); SP is the seepage and percolation term discussed in the Introduction. All the terms are in mm h
À1
. Positive signs indicate an increasing storage or a flux entering the soil volume in the time step. Seepage and percolation (SP) can be split as follows:
where Se (mm h À1 ) is the seepage flux, positive when the inflow is higher than the outflow, and P bal (mm h À1 ) is the vertical flux at the bottom of the LCL, that can be both nega- Most of the terms in Equation (1) were measured, while the remaining terms were calculated as described hereafter.
ET was estimated following the FAO single crop coefficient approach (Equation (3)) (Allen et al. ), considering a complete fulfilment of the crop evapotranspiration requirements:
The reference evapotranspiration (ET 0 ) was computed from hourly meteorological data following Allen et al. The SP term was not monitored and it was obtained by applying Equation (1). Furthermore, if one of the two components, Se or P bal , can be estimated independently, then Equation (2) can be applied to estimate the other one.
An estimation of the percolation P bal was obtained, in this study, by applying the 1D Darcy's equation (Equation (4)) during the field submersion (ponding water on the soil surface >0), when most of the percolation is expected to occur:
where P D is the percolation (mm h À1 ) calculated from the Darcy's law; Ks is the saturated hydraulic conductivity of
; L is the thickness of LCL (cm); b is a conversion factor (10/24 mm d cm À1 h À1 ); and ΔH (cm) is the difference in the total hydraulic head at the two LCL sides:
where H 1 (cm) and H 2 (cm) are the total hydraulic heads at the top and the bottom of the LCL, respectively. were estimated for each soil zone during the flooding period as described hereafter.
Since the muddy layer above the LCL is typically incoherent and highly conductive (Wopereis et al. ), its effect on the flux can be neglected in computing Equation (4). When the LCL is deeper than 30 cm, a soil layer may be placed between the incoherent muddy layer and the LCL, but also its effect on the percolation can be neglected since its Ks is usually higher than the LCL by far.
With respect to Figure 3 , when the reference level z ¼ 0 is placed at the bottom of the LCL, the total hydraulic head at the top of the LCL (H 1 ) can be approximated as:
where w (cm) is the height of the ponding water; d (cm) is the depth of the LCL from the soil surface; and L (cm) is its thickness. All the quantities on the right-hand side of Equation (6) were measured in the field.
The total hydraulic head at the bottom of the LCL (H 2 ) was computed according to the water table position with respect to LCL, as shown in Figure 3 .
In the case of unsaturated soil below the LCL (Figure 3 , left-hand side), a negative water pressure occurs below the LCL, whereas the LCL is supposed to be fully saturated (i.e., water pressure !0). Therefore, H 2 being the water pressure at the interface between these layers, its value can be assumed equal to zero.
In the case of a complete saturation of the soil profile ( Figure 3 , right-hand side), the soil below the LCL is saturated, its pressure head is positive and increases with depth following a hydrostatic pressure gradient and H 2 is equal to the distance between the groundwater level and the bottom of the LCL (Equation (7)):
where Finally, Ks and thickness of the LCL in field D were set to reproduce the negligible observed percolation flux; Ks, in particular, was set to a very low value. Table 1 reports the main soil physical and hydrological properties of the LCLs used in the computation of percolation (P D ) through the Darcy's approach. For each row of parameters, Table 1 also reports the fraction of the area of the field they apply to (according to the soil survey described in the previous section).
The approach for computing P D was applied only in periods when paddy fields were submerged (ponding water on the soil surface >0). In this case, Se was estimated from the cumulative SP À P D curve by manually calibrating a stepwise linear interpolant, the slope of which is equal to the Se value in each time step. Se values estimated for each step were also evaluated in the light of the observational When the group of paddies ACD is considered, the terms of the water balance are calculated from those of the three fields, weighted by their surfaces.
All the equations reported in this section were implemented in a MATLAB script.
Computation of water use efficiencies
The water use efficiency (WUE, %) was calculated for each paddy, as well as for the group of paddies ACD, with the modified index proposed by Dunn & Gaydon ():
where ET, Q in and Q out are expressed in mm over the whole agricultural season. The irrigation outflow (Q out ) was subtracted from the total water inputs (Q in þR) because the irrigation outflow is discharged into the irrigation network and is consequently reused for the irrigation of paddy fields located downslope. It should be noted that the WUE of a group of fields does not correspond to the average of the WUEs of single fields. In particular, the WUE of a group of paddies is reported on the left-hand side of Equation (9), while the area-weighted average of the single WUEs is illustrated on the right-hand side of Equation (9):
where A i is the area of the single fields (m 2 ), while A is the area of the group of fields (m 2 ). All the remaining terms (ET, R, Q in , Q out ) are also expressed in metres.
RESULTS AND DISCUSSION
Monthly water balance terms
Water balance terms are presented in Figure 4 Figure 4 ), into its vertical and horizontal components, namely, percolation (P bal ) and seepage (Se), respectively (Equation (2)). On the X-axis, periods of flooding conditions, as obtained by water level sensors positioned in each field, are additionally reported (the correspondence between these periods and those reported in Figure 1 , having the aim of illustrating the water management operated by the farmer, is not always perfect as periods in Figure 1 do not account for short time submersions due to heavy rainfall events on nearly saturated soil).
In the case of field A, a very good correspondence was found between SP and P D fluxes, with respect to both the cumulative value of the two variables at the end of the season and the seasonal trend. Actually, no incoming seepage was expected in this field due to its high topographic position, and Figure 5 (a) suggests that outward seepage can also be considered negligible. Consequently, Se was assumed to be null throughout the season, and thus P bal ¼ SP. Seasonal water balance and WUE at different scales Table 2 reports the cumulated fluxes on a seasonal basis.
Values refer to the period from seeding to harvest for fields A and B (152 and 155 days, respectively), and from the very first submersion of the season (just before seeding)
to harvest for fields C and D (117 days). Since the periods are different, the total amount of precipitation (R) and evapotranspiration (ET) also differs slightly among the fields. The ΔS s and ΔS w terms are very small and they are reported in Table 2 for the sake of completeness. Contrarily, relevant amounts and strong differences among the fields appear when comparing Q in , Q out and WUE.
In fields A and B, water infiltrates at a high rate; thus, fields can be dried for treatment application just by stopping the irrigation inflow for 1 or 2 days. Due to these high infiltration rates, Q out was always close to zero. On the contrary, the and Aguilar & Borjas () , who observed WUEs between 17% and 27% for flooded rice paddies. As found in many other countries, a lower WUE of paddies compared to other cereals can be observed also in Northern Italy. In particular, the WUE of maize, which is the major crop cultivated in the Po river plain, usually ranges between 30% and 50% when border irrigation is applied and between 70% and 80% in the case of sprinkler irrigation (data from regional reports).
Since the very high WUE of field D is due to extra water inputs provided by the continuous flooding of fields A and C, water balance terms and WUE were computed also considering the group of paddies A, C and D as a whole (ACD in Table 2 ). Due to the internal reuse of seepage fluxes occurring between paddies, the net irrigation of the group of fields ACD (around 1,550 mm) was indeed lower than that measured for A and B, while WUE was found to be around 40%. WUEs of the upslope fields (A and B) were 21-28%, field D showed a WUE >100%, while an intermediate value was found for field C (66%). Considering the irrigation management adopted in the fields, DFL applied to A and B resulted in lower WUEs compared to the traditional WFL technique adopted in C and D. This was due to the fact that, in the specific case study, topography was the dominant factor in determining the value of WUE, overwhelming all the other factors, including the irrigation management. The group ACD showed a relatively high WUE (39%), due to water reuse among fields promoted by the topographic gradient. This demonstrates that none of the fields could be considered representative of the entire paddy area, and thus, to quantify the WUE of a sequence of fields on a slope, the monitoring scale must be enlarged to include all the fields in the area.
CONCLUSIONS
